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Ultrafast lattice deformation of tens to hundreds of nanometer thick metallic
crystals, after femtosecond laser excitation, was measured directly using 8.04 keV
subpicosecond x-ray and 59 keV femtosecond electron pulses. Coherent phonons
were generated in both single crystal and polycrystalline films. Lattice compression
was observed within the first few picoseconds after laser irradiation in single crystal
aluminum, which was attributed to the generation of a blast force and the propagation of elastic waves. The different time scales of lattice heating for tens and hundreds nanometer thick films are clearly distinguished by electron and x-ray pulse
diffraction. The electron and lattice heating due to ultrafast deposition of photon
energy was simulated using the two-temperature model and the results agreed with
experimental observations. This study demonstrates that the combination of two
complementary ultrafast time-resolved methods, ultrafast x-ray, and electron
diffraction will provide a panoramic picture of the transient structural changes in
C 2018 Author(s). All article content, except where otherwise noted, is
crystals. V
licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). [https://doi.org/10.1063/1.5029970]

I. INTRODUCTION

Probing dynamics with a sub-angstrom structural and femtosecond temporal resolution is
the key to track the pathways and intermediate states in chemical reactions and understand the
functions of materials at a fundamental level. Because the lattice vibrational time is typically
around 100 fs, there are no mechanical or electronic means that are sufficiently fast to capture
such ultrafast processes. However, following the time-resolved studies of pulsed-photon-induced
reactions in the early 1950s,1 the pump-probe method was developed, which demonstrated for
the first time, a picosecond temporal resolution for chemical reactions.2,3 Several years later,
after the introduction of femtosecond laser pulses,4 tracing the dissociation and formation of
chemical bonds, which occur within a femtosecond time interval, became possible.5 Among the
various pump/probe combinations, optical pump/optical probe,6,7 optical pump/electron
probe,8–12 and optical pump/x-ray probe13–16 are the three most widely used experimental
means. Purely optical methods, such as transient spectroscopy17 or transient reflectivity measurement,18 usually provide information on the relaxation of the electron systems after laser
excitation, while the dynamics concerning the structural changes are obtained indirectly through
a)
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theoretical modeling. Ultrafast time-resolved diffraction methods that employ x-ray19–21 and/or
electron pulses,22–27 however, provide direct information on the structural dynamics as they
interact directly with the atoms and/or inner shell electrons. The femtosecond and picosecond
x-ray pulses can be generated by large national facilities, free electron lasers,28–30 and small
compact systems that are based on laser-plasma interaction31 and are suitable for university size
laboratories. The femtosecond electron pulses are usually generated by photo-electron guns and
accelerated by table-top DC electric fields32,33 or RF fields27,34,35 to tens of keV or a few MeV,
respectively. Time-resolved electron diffraction can record higher-order Bragg diffractions and
enable the observation of diffuse scatterings;36 however, the presence of tens of kV/m transient
electric fields on the metallic or semiconductor sample37–39 may make the interpretation of
electron diffraction data difficult.40,41 Therefore, additional treatments to the diffraction patterns
or estimation of the field strengths are necessary.38,42,43 On the other side, as charged particles,
electron pulses are suitable for diagnosing fast-evolving plasmas or warm dense matter that
involves transient electro-magnetic fields.44–47 Meanwhile, x-ray pulses are insensitive to transient electric fields and their diffraction signals are solely related to lattice structure. The limited yield and the flux instability of hard x-ray photons generated by the laser-plasma sources,
however, make it rather difficult to obtain a high signal-to-noise ratio for diffraction intensities.
In addition, the optical skin depth of metals is typically on the order of a few nanometers,
which is close to the penetration depth of the keV electron beam, while much shorter than that
of the x-ray penetration depth into the bulk of the sample. Therefore, for tens of nanometer
thick samples, where homogeneous laser excitation is expected, it is more accurate and convenient to use electron pulses, while for hundreds nanometer thick samples, it is more appropriate
to use x-ray pulses that probe not only the surface, but also the bulk that is heated due to the
laser energy deposited onto the surface layer and transferred to the interior of the crystals.
Therefore, using results from both time-resolved ultrafast electron and x-ray diffraction, which
are two highly complementary methods, may provide a more detailed description of the transient structural dynamics of crystals, than either method can provide alone.48
In this paper, the transient structural changes of aluminum crystals, illuminated with femtosecond laser pulses, were recorded in real time with the combination of x-ray and electron probes. In
both experiments, the aluminum crystals are heated to a similar equilibrium temperature. The ultrafast heating of the electron and lattice subsystems was simulated using the two-temperature model
(TTM), which agrees with experimental observations. The oscillation periods of crystals with
different thicknesses are measured by both transmission and reflection diffractions, which agreed
with the standing wave assumption.
II. EXPERIMENTAL METHOD

The methods used in our experiments are demonstrated in Fig. 1. The ultrafast timeresolved x-ray diffraction experiments were performed on a table-top system that generates
hard x-ray pulses through laser/plasma interaction.49 The 800 nm, 100 fs, 100 mJ laser pulse
emitted from a 10 Hz Ti:sapphire laser was split into two parts. 80% of the laser energy is
focused onto a 0.5 mm diameter copper wire that is continuously moving in a vacuum chamber
to generate 8.04 keV Cu Ka sub-picosecond x-ray pluses. The upper limit of the x-ray pulse
duration is estimated to be 0.6 ps.50 The x-ray pulses were collimated by a 200 lm slit and
impinged onto a 150 nm thick Al (111) single crystal in a reflecting diffraction configuration
with a Bragg diffraction angle of 18.9 . The remaining 20% of the laser energy is frequency
doubled to 400 nm and used to excite the sample. Before focusing onto the sample, the 400 nm
excitation laser pulse is directed to a linear translation stage that precisely controls the arrival
time between the probe x-ray pulses and the pump laser pulses. The Al (111) single crystal
used in our experiments was grown on Mica substrate at a base temperature of 150  C.
The ultrafast time-resolved electron diffraction experiments were performed on a table-top
system that is capable of delivering sub-picosecond, 59 keV, electron pulses.38 The 800 nm,
70 fs, 1 mJ laser pulse emitted by a 1 kHz Ti:sapphire laser system is split into two parts by a
beam splitter. 40% of the laser energy is frequency tripled to 266.7 nm and directed to the silver
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photocathode, using a back illumination, to generate electrons, which were accelerated to
59 keV by a DC electrical field and focused by a magnetic lens onto the sample to form a transmission diffraction configuration in the ultra-high vacuum chamber (<1  109 Torr). The
remaining 60% of the laser energy, which is attenuated and used to excite the polycrystalline
aluminum sample, is directed to a translation stage that can control precisely the arrival time
between the pump laser pulse and the probe electron pulse at the sample. The temporalresolution of the ultrafast time-resolved electron diffraction system is estimated to be 0.5 ps.
The 10–20 nm thick polycrystalline Al films used in this study were obtained as follows: First,
they were deposited onto freshly cleaved NaCl single crystal surfaces, then immersed into
deionized water, and subsequently transferred to transmission electron microscope (TEM) grids
as freestanding films.
The x-ray diffraction patterns were recorded directly by a 2D x-ray charge-coupled device
(CCD) camera, while the electron diffraction patterns were converted into optical signals on a
phosphor screen, amplified by an image intensifier and eventually recorded by a 2D optical
CCD. Because the sample used in the time-resolved x-ray diffraction experiments is 10 times
thicker than the ones used in ultrafast electron diffraction experiments, the pump laser fluences
used for such experiments are about 10 times higher than in the electron diffraction experiments, in order for the crystals to be heated to the same equilibrium temperatures in both
experiments. In both the electron and x-ray experiments, the pump laser fluencies are below the
damage threshold of aluminum. The time-dependent changes in the diffraction peaks were
analyzed and correlated with transient atomic motions. According to the first-order Bragg diffraction equation, 2d sin h ¼ k, where d is the lattice plane distance, h is the Bragg angle, and k
is the wavelength of probing electrons of x-ray photons, one can obtain the following relation:
Dd=d ¼ Dh=tan h, which directly connects the relative change of the lattice plane distance
with the change of diffraction angles, obtained from the experimentally recorded diffraction
patterns. For keV or MeV electron diffraction, because the diffraction angle is typically small
(less than 1 ), the small angle approximation may be applied and therefore one could use
Dd=d ¼ Dh=tan h  Dh=h.
III. RESULTS AND DISCUSSION
A. Transient structural changes of single crystal and polycrystalline aluminum films

The transient structural changes of the 150 nm thick Al (111) single crystal after illumination with 400 nm femtosecond laser pulses were probed by 8.04 keV sub-picosecond x-ray
pulses. The diffraction peak shift, which represents the relative changes in the lattice plane
distance, and the broadening of the diffraction line width as a function of time are shown in
Fig. 2. The data show that the relative change of the lattice plane distance is negative during
the first few picoseconds after laser excitation, which reveals that contraction takes place and
the lattice plane distance becomes shorter. Following the contraction, damping oscillations of
the lattice plane were developed, accompanying a lattice plane expansion. The new equilibrium
position of the lattice plane distance was formed 120 ps after illumination with the femtosecond pulse(s). The initial contraction of the lattice plane distance is due to the formation of a
compressive wave that was initiated on the surface layer of the crystal as a result of a blast
force.51–54 Because the x-ray pulse penetrates and probes the entire 150 nm thick crystal, the
contraction formed within the top few lattice layers accounts for less than 10% of the overall
diffraction signal. Therefore, the contraction observed during the first few picoseconds is small,
8%, compared with the observed expansion of the lattice. Such contraction was also observed
previously in Au single crystals.55 We are aware that transient electric fields will build up on
the crystal surface upon femtosecond laser excitation. Our previous studies have shown that
the maximum transient electric field, at 150 lm above the aluminum sample surface, is on the
order of tens kV/m for a few mJ/cm2 pump fluencies.56 Although the pump fluence used for the
150 nm single crystal sample is higher, the transient electric field strength may not be higher
than those observed in aluminum plasmas generated by femtosecond laser excitation.46 This is
because that, the electrons that escaped at earlier times tend to suppress further emission of
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electrons due to the space charge effects (Coulomb repulsion), which is well documented in
photoemission studies,57 thus limit the strength of transient electric fields. Such effects are also
observed in transient electric field measurements on GaN.47 Moreover, the single crystal aluminum film used in the x-ray experiments is at atmospheric pressure, which further reduces the
transient electric field strength and as a grounded conductor, the electric fields are also prohibited from penetrating into the bulk of aluminum. Therefore, the contraction observed in the first
few picoseconds is not due to transient surface electric fields. After the contraction stage, the
laser energy initially deposited within the skin depth of the crystal propagates through the bulk
and heats the entire crystal through electron-phonon and phonon-phonon interaction. The elevated crystal temperature is reflected by the increased shift of the diffraction line peaks and the
increased strain is indicated by the broadening of diffraction line width. The increase in the lattice plane distance is accompanied by several damping oscillations, which indicate that coherent
phonons were generated. Such lattice damping oscillations have been observed in a number of
time-resolved diffraction studies.20,58,59 These oscillations represent the vibration of the lattice and
the damping is accompanied by the dissipation of energy into the surroundings or the conversion
of kinetic energy into heat. The mechanism of acoustic oscillations may be explained theoretically
using the thermal strain-stress model or the Fermi-Pasta-Ulam anharmonic chain model.60–62 The
oscillation is generally simplified by considering it as the formation of a one-dimensional standing
wave between the surface and crystal substrate. Therefore, the oscillation period, T, may be calculated using the sound velocity of the crystal: T ¼ 2L=v, where L ¼ 150 nm is the film thickness
and the sound velocity in solid aluminum v ¼ 6420 m/s.63 The oscillation period was calculated to
be 47 ps, which is in agreement with our experimentally observed value of 41 ps. The diffraction peak shift remains unchanged after the damping oscillation for 180 ps, which is the longest
delay time in our experiments.
The transient structural changes measured by sub-picosecond x-ray pulse experiments were
also compared with those obtained through ultrafast time-resolved electron diffraction experiments. To avoid the effects of transient electric fields, on the shift of the electron diffraction
peak,38 a transmission diffraction configuration was employed in the ultrafast electron diffraction experiments. Polycrystalline aluminum films of three different thicknesses, 10 nm, 15 nm,
and 20 nm, were interrogated by 59 keV, sub-picosecond electron pulses. The relative changes
of the (311) lattice plane distance for those films are shown in Fig. 3 and the theoretical and
experimental periods versus crystal thickness are listed and compared in Table I. It is worth
mentioning that because the 10 nm thick film contains only a few layers of lattice, it might not
be a continuous polycrystalline film and is most likely built up with flat connected islands. In
the transmission electron diffraction configuration, the electron beam may not be strictly perpendicular to the aluminum sample surface because the probe electrons travel spirally after the
magnetic lens and the freestanding aluminum films have curvatures. It is clear that the lattice
expansion was observed immediately after the laser excitation at a fluence of 2.1 mJ/cm2. The
maximum expansion of the lattice plane distance is achieved within a few picoseconds after
laser excitation and the new equilibrium state is established around tens of picoseconds, which is
much shorter than the equilibrium time observed in x-ray diffraction experiments presented
above. This is because the film thickness in electron diffraction experiments is comparable or
close to the penetration depth of laser pulses. Therefore, the entire crystal is expected to be
heated evenly within the first few picoseconds and contributes homogeneously to the electron
diffraction pattern. In the x-ray diffraction case, however, the excitation laser energy is also
absorbed within the skin depth, while the x-ray pulse probes the entire crystal, which in this
case is about twenty times longer than the skin depth. Therefore, a much longer time is required
to transfer the heat to the entire probing depth of the sample which travels with sound velocity.
This process requires tens or hundreds of picoseconds depending on the thickness of the crystal.
B. Electron and lattice heating described by the two-temperature model (TTM)

Upon femtosecond laser irradiation, the photon energy is initially deposited into the free
electrons within the skin depth of the 150 nm thick Al (111) crystal within the duration of the
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FIG. 1. Schematic diagram of the ultrafast time-resolved x-ray and electron diffraction methods. (a) The diffraction from a
single crystal sample investigated by sub-picosecond x-ray pulses. The x-ray diffraction signal originated from the laser
excitation area of the Al (111) crystal was marked “S” on the detector, while “R” denoted the reference without laser irradiation. (b) The electron diffraction for polycrystalline Al sample investigated by femtosecond electron pulses. The angle
between the front-illumination laser and back-probing electron beams is 10 to minimize the geometric mismatch and
improve temporal resolution.

FIG. 2. Time-dependent relative change of (a) diffraction peak position and (b) diffraction line width boarding of a 150 nm
thick single crystal Al (111) film interrogated by sub-picosecond x-ray pulses in a reflection diffraction configuration. The
excitation laser fluence is 18.5 mJ/cm2.

FIG. 3. Time-dependent relative change of the (311) lattice plane distance of (a) 10 nm, (b) 15 nm, and (c) 20 nm thick
polycrystalline aluminum freestanding films interrogated by femtosecond electron pulses in a transmission diffraction configuration. The laser pump fluence is 2.1 mJ/cm2 on each sample.

TABLE I. Oscillation periods of Al samples with three different thicknesses. The theoretical period was calculated using
the one-dimensional standing wave model.
Sample thickness (nm)
Theoretical oscillation period (ps)
Experimental oscillation period (ps)
Sample thickness inferred from experimental period (nm)

10 6 3

15 6 3

20 6 3

3.1 6 0.9

4.7 6 0.9

6.2 6 0.9

3.8
12

6.0
19

6.4
21
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femtosecond laser pulse. Tens or hundreds of femtoseconds after the initial stage, the entire
electron system reaches equilibrium through electron-electron interaction. Because the electronelectron scattering is more efficient than electron-phonon interaction, the electron temperature
may reach tens of thousands of Kelvin, while the lattice remains cold, at room temperature,
within tens to hundreds of femtoseconds after laser excitation. Subsequently, the heat transport
between electrons and lattice occurs by means of electron-phonon interaction. The heat capacity
of the electrons, Ce , is typically orders of magnitude smaller than that of the lattice heat capacity, Cl . The rate of energy exchange between the electron and lattice system is described by the
electron-phonon coupling, g, and the temperature equilibration between the electron and lattice
subsystems usually takes place within picoseconds through electron-phonon and phonon-phonon
interactions. Heat transport within metals illuminated with ultrashort laser pulses is generally
described by the well-established two-temperature model, in which the temperature evolution of
the electron and lattice subsystems is described by two coupled heat transport equations.
Because the area probed by the x-ray or electron pulses is several times smaller than that of the
diameter of the laser excitation area, the three-dimensional laser-matter interaction could be
reduced to a one-dimensional representation along the sample thickness direction. The electron
and lattice heating of the 150 nm aluminum crystal, in this study, may therefore be described
by the following two-temperature model (TTM):9,64,65


@
@
@
je Te ðz; tÞ  g½Te ðz; tÞ  TL ðz; tÞ þ Sðz; tÞ;
Ce Te ðz; tÞ ¼
@t
@z
@z
CL

@
TL ðz; tÞ ¼ g½Te ðz; tÞ  TL ðz; tÞ;
@t

(1)
(2)

where Te ðz; tÞ and TL ðz; tÞ are the electron and lattice temperatures at the depth z under the aluminum sample surface at a certain time t, respectively. The excitation laser pulse is described
by Sðz; tÞ which has a Gaussian profile and ke is the electron thermal conductivity. Ballistic
electron motion is not considered, in this case, because it contributes insignificantly to the heating of the film. Under low excitation fluences, where the electron temperature may increase by
only a few hundreds or thousands Kelvin, it is appropriate to assume that the electron-phonon
coupling, g, and the electron heat capacity and thermal conductivity, Ce and ke , are linearly
dependent on the electron temperature or may be simply treated as constants. For electron temperatures that may increase by more than tens of thousands Kelvin, more sophisticated modeling maybe required. There has been a large number of literature papers concerning the application of TTM to time-resolved diffraction studies.25,66,67 Here, we use the one that is applicable
to both low and higher laser excitation fluences59,68 and it is worthy to note that at lower excitation fluences, Eqs. (3)–(5) reduce to approximately a linear dependence on temperature. In the
following simulation, the Drude model is used for electron-electron and electron-phonon scattering; therefore, the electron thermal conductivity (W/mK) is given by:69–71
je ¼

a0 Te
;
a1 Te2 þ a2 TL

(3)

where a0 ¼ 1:08  1014 , a1 ¼ 5:2  106 , and a2 ¼ 4:61  1011 . The electron-phonon coupling,
g (W/m3 K), and electron heat capacity, Ce (J/m3 K) are provided by the fifth-order Pade
approximations
n
Te
104
g ¼ 1  1017 n¼0 5
 n ;
X
Te
1þ
A2 ðnÞ
4
10
n¼1
5
X



A1 ðnÞ

(4)
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FIG. 4. Two-temperature model simulation of the 150 nm thick aluminum crystal illuminated by 18.5 mJ/cm2 femtosecond
laser pulse. (a) Spatial-temporal distribution of the electron temperature; (b) spatial-temporal distribution of the lattice
temperature.

n
Te
104
Ce ¼ 1  105 n¼0 5
 n ;
X
Te
1þ
B2 ðnÞ
4
10
n¼1
5
X



B1 ðnÞ

(5)

where A1 ð0Þ ¼ 2:4897, A1 ð1Þ ¼ 3:5228, A1 ð2Þ ¼ 99:2859, A1 ð3Þ ¼ 125:4458, A1 ð4Þ
¼ 116:2749, and A1 ð5Þ ¼ 19:5488; A2 ð1Þ ¼ 0:6301, A2 ð2Þ ¼ 24:2843, A2 ð3Þ ¼ 29:5203,
A2 ð4Þ ¼ 28:8661, and A2 ð5Þ ¼ 4:8065; B1 ð0Þ ¼ 0:0348, B1 ð1Þ ¼ 5:7659, B1 ð2Þ ¼ 51:9519,
B1 ð3Þ ¼ 16:9218, B1 ð4Þ ¼ 121:2319, and B1 ð5Þ ¼ 17:4062; B2 ð1Þ ¼ 2:0446, B2 ð2Þ ¼ 7:087,
B2 ð3Þ ¼ 3:3556, B2 ð4Þ ¼ 2:0852, and B2 ð5Þ ¼ 0:3873.
The spatial-temporal distributions of both electron and lattice temperatures, of the 150 nm
thick Al (111) crystal, after femtosecond laser excitation are simulated by the theoretical model
discussed above and plotted in Fig. 4. It is found that the highest electron temperature of
2500 K can be reached within 100 fs, which is essentially the pulse width of the femtosecond
laser pulse(s) used in our experiments. The thermalization of the electron system within the
150 nm thick Al crystal, occurring in less than 1 ps, is accompanied by the energy transfer
from the electron system to the lattice system through electron-phonon coupling. The lattice
temperature may reach as high as 380 K within the first few picoseconds, after laser irradiation,
and then equilibrate with the bulk of the crystal through thermal diffusion and phonon-phonon
interaction. Our numerical simulation suggested that the largest non-equilibrium temperature
occurs during the first 30 ps, which agrees with the experimental results shown in Fig. 2 where
the lattice expansion kept increasing for the first tens of picoseconds after laser excitation. The
thermal equilibrium state of the entire 150 nm crystal may be established within 100 ps.
However, it should be noted that because this model describes only the temperature evolution
and does not simulate the motion of each individual atom, the lattice oscillations observed in
the experiments discussed here are not incorporated in the simulation.
IV. CONCLUSION

Using sub-picosecond 8.04 keV x-ray pulses and 59 keV femtosecond electron pulses as
probes, we systematically probed and recorded the transient structural changes of single crystal
and polycrystalline aluminum films irradiated with femtosecond laser pulses, respectively.
Coherent phonons were generated and observed in aluminum films of different thicknesses, and
the experimentally observed oscillation periods agree with the values suggested by onedimensional standing wave model. Lattice contraction of the single crystal was detected, which
indicated the generation of blast force due to the non-equilibrium electron pressure. The different time scales for heating tens and hundreds of nanometer thick metallic lattices are clearly
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distinguished by electron and x-ray pulse experiments. The electron and lattice heating processes were numerically simulated using the two-temperature model and the results agree with
the experimental observations. The combination of these two methods, in a single experimental
frame, has been demonstrated in this study and it provided a powerful means for obtaining
detailed information of the transient structural changes in crystals of various thicknesses.
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